In this report we describe a technique for the encellular pool of invertase at 37؇C (188 mutant richment of conditional secretory and cell surface clones) fall into 23 complementation groups, and growth mutants. We have identified a large number of the distribution of mutant alleles suggests that more complementation groups that are required for the complementation groups could be found. Bud emermovement of at least two secretory enzymes and one gence and incorporation of a plasma membrane plasma membrane permease through a series of dissulfate permease activity stop quickly after a shift tinct membrane-enclosed organelles in a pathway that to 37؇C. Many of the mutants are thermoreversible; leads to the cell surface. upon return to the permissive temperature (25؇C) the accumulated invertase is secreted. Electron microscopy of sec mutant cells reveals, with one exResults ception, the temperature-dependent accumulation of membrane-enclosed secretory organelles. We Secretory mutants are defined as those strains which suggest that these structures represent intermedifail to export active invertase and acid phosphatase, ates in a pathway in which secretion and plasma but continue to synthesize protein under restrictive membrane assembly are colinear. growth conditions. In a previous report (Novick and Schekman, 1979) we described a screening procedure that allowed the identification of two nonallelic 
tionated and the genotype of cells in diluted aliquots The use of conditional mutants has been crucial for the was determined. The 5% increase in density allowed analysis of complex bacteriophage morphogenesec1 cells to be separated completely from a 100 fold larger population of wild-type cells. The density separation made feasible the isolation of a large number of additional secretory mutants. The enrichment procedure was first performed on an a strain (NF1R) and then on an ␣ strain (SF 182-Mutagenized cultures were allowed to grow for several 3B). The sec mutants were arranged into complemengenerations at 24ЊC and then transferred to 37ЊC for tation groups by standard genetic techniques. The 3 hr. The cells were then sedimented in a Ludox enrichment was repeated with strain X2180-1A, and gradient, and the densest 1-2% on the cells were complementation analysis of the temperature-sensipooled. Temperature-sensitive growth mutants were tive clones was performed with tester strains derived identified among the dense cells, and the secretion of from the previously isolated sec mutants. New sec acid phosphatase and invertase was measured by a mutants that complemented all of the tester strains modification of the previous procedure (Novick and were crossed with X2180-1B, diploids were selected Schekman, 1979). The density gradient procedure and sporulated, and the sec mutants were obtained in enriched for a variety of temperature-sensitive mua and ␣ mating type strains. Complementation analysis tants and among them about 15% were secretionwas performed again. By this procedure, 23 compledefective (Table 1) . mentation groups were identified. EMS and nitrous The procedure was used on three strains; NF1R acid produced a similar spectrum of mutant alleles and SF182-3B were mutagenized with ethyl methane-( Table 2 ); sec2 and sec5 were the most common sulfonate (EMS) and X2180-1A was treated with nigroups for each mutagen. trous acid. A total of 485 secretion-defective mutants All the sec mutants were recessive in heterozygous were isolated, among which three classes were found.
diploids. Analysis of each complementation group was Class A sec mutants (188 total) showed accumulation conducted with a representative allele chosen for of invertase at the nonpermissive temperature. Class optimum growth at 25ЊC, maximum inhibition of se-B sec mutants showed no accumulation of active cretion at 37ЊC and maximum secretion of accumuinvertase, although protein synthesis continued at a lated invertase upon return to 25ЊC. Each group high rate at 37ЊC. Class C mutants did not secrete showed 2:2 segregation of the temperature-sensitive because protein synthesis was temperature-sensitive.
phenotype which always coincided with the secretory This report will deal with the secA mutants; analysis defect. of the secB mutants is in progress.
Thermoreversible Accumulation of Invertase
External invertase synthesis is derepressed by a decreased supply of glucose, and the secreted enzyme remains in the yeast cell wall and can be assayed in a whole-cell suspension (Dodyk and Rothstein, 1964) . Intracellular forms of the enzyme are measured in a spheroplast lysate, and this level does not rise significantly during derepression (Novick and Schekman, 1979).
The level of secreted invertase increased 13 fold when X2180 cells were transferred from YP ϩ 5% glucose medium to YP ϩ 0.1% glucose medium (Table  3 ). This increase was blocked to varying degrees in the sec mutants at 37ЊC. Derepression for 1 hr at 37ЊC produced a 4-18 fold increase in the intracellular level of invertase. Upon return to 25ЊC, in the 3B ). The lumen of both the ER and the nuclear Other Defects Secreted acid phosphatase first appeared in wild-type membrane was wider than the corresponding wildtype structure. Eucaryotic rough and smooth ER can cells 1.5 hr after a transfer from YPD ϩ 7 mM phosphate medium into phosphate-depleted YPD medium, be distinguished by the presence or absence of attached ribosomes. However, due to the high concenand the rate of secretion was maximal from 2.5 to 5 hr after the shift. During this 2.5 hr period, the sec tration of free ribosomes, it was not possible to identify specific associations with the yeast ER. While all nine mutants secreted normally at 25ЊC, but produced at least 5 fold less external phosphatase at 37ЊC (Table  members of this class showed extensive ER at 37ЊC, three complementation groups also produced small 4).
Incorporation of a sulfate permease activity was vesicles ‫ف(‬ 40 nm) which were often arranged in patches in the cytoplasm (Table 5 , Figure 3C ). used to assess the role of the sec gene products in a Cultures were grown overnight in YP ϩ 5% glucose medium at 25ЊC to an A 600 of 0.5-5.5. Cells (3 A 600 units) were sedimented in a clinical centrifuge, resuspended in 3 ml of YP ϩ 0.1% glucose medium and incubated at 37ЊC for 1 hr. An aliquot (1 ml) was then removed and added to a tube containing 1 mg of glucose and 0.1 mg of cycloheximide, and the mixture was incubated at 25ЊC for 3 hr. In a parallel experiment, 2 A 600 units of the overnight culture were sedimented, and the cell pellet was resuspended in 2 ml of YP ϩ 0.1% glucose medium and incubated at 25ЊC for 1 hr. At the end of each experiment samples were chilled on ice, centrifuged and resuspended in one half volume of 10 mM azide at 0ЊC.
A third class of mutant produced an organelle with In addition to Bbs, sec14 also produced 80-100 nm vesicles ( Figure 5A ). Bbs were occasionally seen in no obvious counterpart in other eucaryotic cells. Because of its unique morphology, we call this structure sections of two complementation groups (sec2, 9) where 80-100 nm vesicles were the dominant struca Berkeley body (Bb). The Bb, although varied in form, appeared to consist of two curved membranes with an ture. Two exceptions to the major classes were observed: enclosed electron-transparent lumen (Figure 4) . In some sections the Bb was closed to form a toroid; in sec19 produced a mixture of the major organelles (
Figure 5B The results presented here show that in yeast, at least 23 gene products are required for the transport of two alleles of sec7, derived from different parent strains, were examined and each produced only Bbs.
secretory proteins from the site of synthesis to the cell a Cultures were grown overnight in YPD ϩ 7 mm phosphate medium. Cells (4.5 A 600 units) were centrifuged, resuspended in 3 ml of phosphatedepleted YPD medium and incubated at 25ЊC. After 2.5 hr, 1 ml aliquots were transferred to 37Њ and 0ЊC, and the rest were left at 25ЊC. Incubation was continued for 2.5 hr and the samples were chilled, centrifuged and resuspended in 1 ml of 10 mM azide at 0ЊC. b Cultures were grown overnight in minimal medium ϩ 1.5 mM methionine and 50 M (NH 4 ) 2 SO 4 . Cells (1.2 A 600 units) were centrifuged, washed once and resuspended in 1.2 ml of sulfate-free minimal medium. After 2.5 hr at 25Њ or 37ЊC, the tubes were chilled and 1 ml aliquots were removed for the permease assays; the rest were used for A 600 determination. c Cultures were grown overnight in YPD medium at 25ЊC. Cells (2 A 600 units) were centrifuged and resuspended in 2 ml YPD medium; 0.5 ml was diluted with 10 mM azide at 0ЊC and the rest were incubated for 2 hr at 37ЊC. The ratio of the 2 hr/0 hr cell number is listed. d Cultures were grown overnight in YPD medium. Cells (8 A 600 units) were centrifuged and resuspended in 4 ml of YPD medium; 2 ml of each were incubated at 25Њ and 37ЊC. After 3 hr the cells were sedimented and resuspended in 0.5 ml of 10 mM azide at 0ЊC. X2180 cells grown to stationary phase at 37ЊC had a density of 1.131 g/ml; cells treated with 0.1 mg/ml of cycloheximide for 3 hr at 37ЊC had a density of 1.134 g/ ml. e HMSF 147 and 162 were auxotrophic and the sulfate permease experiment was carried out with prototrophic strains derived from crosses with X2180 (SF 226-1C, sec10; SF 292-2C, sec12).
surface. Thermosensitive defects in these gene prodtheir membranes will be incorporated into the plasma membrane by fusion. ucts also block incorporation of a plasma membrane permease and stop bud growth. Taken together, these In a previous report (Novick and Schekman, 1979), we described the detection of sec1-1 and sec2-1 in a observations suggest that membrane growth and secretion are accomplished by parallel if not identical collection of randomly selected temperature-sensitive mutants. No new sec mutants were found in a larger pathways. Furthermore, membrane-enclosed organelles accumulate in 22/23 of the mutants at 37Њ but collection of temperature-sensitive strains, and therefore the density enrichment procedure was adopted. not at 25ЊC. We propose that these structures are intermediates in the secretory pathway; their soluble Although both of the original sec mutants become dense at 37ЊC and survive the enrichment, density contents are destined for secretion by exocytosis and selection has the disadvantage that it eliminates mutants that die rapidly at 37ЊC. We assume that the density enrichment selects mutants that accumulate The various membrane-enclosed structures produced at 37ЊC probably represent functional intermediates while others are leaky. Certain strains are less restrictive for one enzyme marker than another. This may be in the secretory pathway, since most of the mutants secrete the accumulated invertase upon return to due to the different growth conditions required for derepression of the marker enzymes. Thus while in-25ЊC. The rates of invertase synthesis and export may vertase appears in cells within 30 min of a transfer from 5 to 0.1% glucose, acid phosphatase production also be coupled. In many of the mutants, 2-4 fold more invertase accumulates in an internal pool at requires a 1.5 hr phosphate starvation. The sec11 group is an extreme example. Cells of all 12 mutant 37ЊC than is secreted by wild-type cells in a comparable period (Table 3) . alleles secrete nearly normal amounts of invertase at 37ЊC, but secrete no acid phosphatase. Although no Some of the mutants accumulate more than one X2180-1A (a, gal2) and -1B medium and cultures were incubated at 37ЊC for an additional 90 (␣, gal2) were from the yeast genetics stock center (Berkeley). NF1R, a spontaneous GAL ϩ revertant, was derived from X2180-1A. HMSF min. The cells were sedimented again and the pellets were resus-
